Two resistive switching regimes in thin film manganite memory devices on silicon The electric-pulse-induced resistance switching (RS) effect 1, 2 has been extensively studied in the past years due to the possibility of developing resistance random access memories (RRAM), which remains a strong candidate for next generation of non-volatile memories. RRAM technology is very attractive due to its simple metal/oxide/metal structure, high writing/erasing speed, high storage density and low power consumption.
3 Although different models have been proposed to explain the RS behavior, such as trap controlled spacecharge-limited-current conduction, 4 electrochemical migration of oxygen, 5, 6 oxidation/reduction reaction, 7 oxygen-vacancy driven correlation effects, 8 and formation/rupture of conducting nanofilaments, 9 the physics behind the RS mechanism has not been completely elucidated so far. The celebrated magnetoresistive manganites, 10, 11 from the initial report by Ignatiev et al., 12 also displayed RS effects both in ceramics and thin films. [13] [14] [15] [16] Most papers reporting RS in manganite thin films deal with epitaxial layers 17, 18 or polycrystalline films grown on platinized silicon; 4, 19 here we show that a reliable RS behavior can be obtained by growing La 2/3 Ca 1/3 MnO 3 directly on n-type silicon, which is a low-cost option that could also facilitate device integration with standard electronics. We obtained ON/OFF ratios up to $400 and good reproducibility of the electric response. Finally, we demonstrate the change from an interfacial-related RS into a filamentary regime, which is controlled by the SET compliance current.
We grew 100 nm La 2/3 Ca 1/3 MnO 3 (LCMO) manganite thin films by pulsed laser deposition (pulsed Q-switched Spectra Physics Laser with k ¼ 355 nm and a repetition rate of 10 Hz) at an oxygen pressure of 0.13 mbar and a temperature of 680 C. Films were grown on top of highly conductive n-type silicon (q < 0.005 X cm), which also acted as bottom electrode. We used as top electrode a bilayer of Ti (10 nm) and Cu (100 nm), fabricated by sputtering and shaped by means of standard optical lithography. The top electrode areas ranged between 0.049 mm 2 and 0.785 mm 2 . The films thickness was estimated by cross-view scanning electron microscopy. X-ray diffraction showed that the films resulted single phase and polycrystalline. 20 X-ray photoemission spectroscopy (XPS) suggests that the Mn valence is þ2.7, indicating an oxygen stochiometry of $2.68. This oxygen deficiency was previously shown to improve the electrical performance of the devices. 21 The electrical characterization was performed with a Keithley 2612 SMU hooked to a probe station. The acquisition software was programmed on the LabVIEW environment.
We have recorded simultaneously, at room temperature, pulsed I-V curves and Hysteresis Switching Loops (HSL). 5 The pulsed I-V curve consists on applying a sequence of voltage pulses of different amplitudes (0 ! 8 V ! À8 V ! 0, with a time-width of a few milliseconds and a step of 50 mV) while the current is measured during the application of the pulse. We recall that this is a dynamic measurement. Additionally, after the application of each of these pulses we apply a small reading voltage of 100 mV that allows us to measure the current and evaluate the remnant resistance state HSL. Figure 1 (RESET process). We have found a fairly symmetric behavior between the positive and negative regions of the I-V curve, indicating that the presence of the native ultrathin SiO x layer at the silicon (n-type)/manganite (p-type) interface prevents the formation of a p-n junction and the appearance of a rectifying behavior. 22 Figure 1(c) displays the corresponding HSL. One can see two well defined resistance states of $170 X and $38 kX, which gives an ON/OFF ratio of $220. We tested the stability of the HSLs against repeated cycling at a fixed SET CC, and we found that R HIGH and R LOW remain reasonably stable for 70 consecutive loops. 20 The squared shape of the HSL suggests the existence of only one active interface (plausibly the metal/oxide one, according to previously reported results in manganite samples with different metallic electrodes 23 ); otherwise, a more complex shape such as the so-called "table with legs" would be expected. 24, 25 Figure 1(d) displays the positive stimulus branch of the I-V curve in a log-log scale. It is found that the HRS displays an ohmic behavior (I / V) for low voltages (V < 1 V), followed by a I / V (1.3) regime for intermediate voltages and a steep increase region (I / V (8.5) ) for voltages close to the resistive transition to LRS. On the other hand, for this 30 mA SET CC, the LRS follows a I / V (2) law that could indicate the presence of a space-charge-limited current (SCLC) conduction mechanism. 26 We have seen that both HRS and LRS are strongly dependant on the SET CC used on each I-V cycle. Figure 2(a) shows the evolution of R HIGH and R LOW as a function of CC for a top electrode area of 0.196 mm 2 , while Figure 2 (b) displays the corresponding ON/OFF ratio. It is found that initially R HIGH remains nearly constant as CC increases, while R LOW decreases monotonically, increasing in this way the ON/OFF ratio up to $400 for CC $90 mA. For higher CC values, R HIGH starts to drop pronouncedly, the ratio ON/OFF decreasing concomitantly by almost two orders of magnitude. This behavior is qualitatively similar (but considerably more stable) when compared to the case of LCMO films with Ag top electrodes. 21 We consistently reproduced the electrical behavior for low CCs by using the Voltage Enhanced Oxygen Vacancies drift (VEOV) model introduced in Ref. 25 . This model assumes an interface-type RS mechanism where the electrical transport across the sample is spatially inhomogeneous and takes place through several parallel conduction paths. The paths are assumed to be randomly distributed, hence producing a conductance proportional to the area. Within the VEOV model, since the paths are similar, one may model their typical behavior with a single resistor network, which is assumed to be one-dimensional for simplicity. Each element of the resistor network is meant to represent a small domain of the conductive path of nanometric size that is characterized by a local density of oxygen vacancies. In transition metal oxides, the resistivity is severely affected by the local oxygen stoichiometry. Hence, the model assumes that the resistivity of each nanodomain q i is proportional to the local density of oxygen vacancies d i according to q i ¼ A a d I , with a ¼ I or B corresponding to interface or bulk nanodomains, respectively. The proportionality between q and d follows from the assumption that oxygen vacancies disrupt the conduction through the Mn-O-Mn chains. The resistivity of the nanodomains close to the metal/oxide interface is much higher that of those located at bulk regions, due to the formation of a potential barrier at the metal/oxide interface, implying that A I ) A B . 25 The application of electrical stress induces the migration of oxygen vacancies though the network according to the equation
which determines the oxygen vacancy transfer probability between adjacent sites. V 0,i (i ¼ B and I) are dimensionless constants related to the activation energies for vacancies diffusion both in bulk and interfacial sites, respectively. DV i are the local potential drops due to applied electrical pulses, which are easily calculated from the 1D resistor network. À2 (a.u.) (this value is higher than in Ref. 25 and consistent with the high oxygen deficiency present in our films). We found that this choice of model parameter captures the experimental behavior qualitatively. We calculated the evolution of the resistance of a single conducting path (which, besides a scaling factor, is representative of the behaviour of the overall device resistance) under voltage cycling, for different SET CCs. experimental electrical response such as the asymmetric SET and RESET voltages, or the HSL squared shape with sharp SET and RESET transitions are qualitatively described by the model. The evolution of the calculated R HIGH and R LOW as a function of the SET CC is depicted in Figure 3(b) . We find that the calculated behaviour mimics the experimental one for CC < 90 mA, reinforcing the idea that the mechanism behind the observed RS for low CCs is consistent with the VEOV proposed model. Figure 3(c) displays the evolution of the vacancy profiles as the CC is increased. It is found that upon increasing the CC the number of oxygen vacancies moving from the interface to the bulk sites (SET process) increases, leading to a lowering of the LRS (we recall that the number of vacancies at the interface dominates the channel resistance as A I ) A B ). These vacancies are almost completely put back into the interface during the RESET process; thus, the HRS (and the corresponding vacancy profiles) remains roughly constant for different CCs as seen in Figures 3(b) and 3(c) . For higher CCs, the collapse of the HRS is not captured by the VEOV model, suggesting that another RS mechanism becomes dominant in this regime. Indeed, going back to the experimental results, we see a change in the LRS conduction mechanism as the SET CC is increased. Figure 4 (a) shows the evolution of the LRS parameter m (I / V m , extracted from the slope of I vs. V in a log-log graph) as CC increases. Figure 4 (a) displays that initially, for low CCs, m is $2 (SCLC mechanism) and changes to m $ 1 (ohmic conduction, see also Ref. 20) as the CC increases. This behavior is consistent with a change from an interfacial-like resistive switching mechanism for low CCs to the onset of a filamentary regime for higher CCs. This finding is supported by Figure 4(b) , displaying the evolution of the LRS as a function of the electrode area and for CC ¼ 10 mA and 110 mA. It is found that for low CC the LRS clearly decreases around one order of magnitude, from $3 kX to $200 X, as the electrode area increases, which is the typical behaviour of interfacial-related RS.
1 This is consistent with the presence of multiple conducting paths distributed on the surface of the device, with their resistance modulated by the local concentration of oxygen vacancies at the metal-oxide interface, which are the main assumptions made in the VEOV model described before. On the other hand, for high CC the area scaling breaks down as the LRS remains nearly constant around 100 X, suggesting that a single conductive (metallic) filament dominates the conduction. 1 The development of this filament could be associated to the electrical-field induced diffusion of the metallic top electrode through the oxide until a conductive bridge connecting both electrodes is formed. Indications of filament formation have indeed been observed in other perovskite oxides such as SrTiO 3 with Ti electrodes. 27 Within this scenario, one can speculate that the formation of the metallic filament can be prevented if thicker films and lower electrical fields are used. We have tested this possibility by growing a 250 nm thick film, which was electrically stressed in the same conditions (and therefore under lower electrical fields) than the previous 100 nm film. Figure 2(c) shows the evolution of the ON/OFF ratio as a function of the SET CC for the 250 nm film, displaying a monotonic increase of the ratio up to CC ¼ 150 mA. This is in contrast to the 100 nm film case, where a clear degradation of the ON/OFF ratio was observed from CC $ 90 mA (as seen in Figure 2(b) ). This indicates that we may indeed prevent the onset of the single-filament regime by making the oxide thicker. This is an important issue when considering possible applications, since filament-based resistive switching is usually thought as less reliable than interfacial-related effects, and therefore strategies to keep the device working in an interface-related regime are welcome.
In summary, we have shown that low cost n-Si/La 2/3 Ca 1/3 MnO 3 /M (M ¼ Ti þ Cu) devices present a reliable resistive switching behavior. R HIGH , R LOW and therefore the ON/OFF ratio display a strong dependence on the SET CC, reaching a maximum $400 for CC $ 90 mA. A regime change between two resistive switching mechanisms when the CC is increased has been identified. For low CCs, the observed resistive switching mechanism is related to the migration of oxygen vacancies close to the manganite/metal interface. This result is supported by numerical simulations using the VEOV drift model. For higher CCs, the onset of a regime dominated by the conduction of a single-filament, which would account for the observed collapse of the ON/OFF ratio was suggested. We argue that this regime is likely related to the migration of atoms from the metal electrode. Finally, we proposed and tested a simple strategy to prevent the onset of the filamentary regime. 
